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ABSTRACT 


Aerodynamic noise generation at the trailing-edge of an airfoil is 
investigated* The mechanism and sound pressure level of the trailing* 
edge noise for tvro^dimensional turbulent boundary layer flow is 
examined* Experiment is compared with current theory* 

A NACA 0012 airfoil of 0*61 m chord and 0*46 m span was immersed 
in the laminar flow of a ! dw turbulence open jet* A 2*54 cm width 
roughness atrip was placed at 15% chord from the leading edge on both 
sides of the airfoil as a boundary layer "trip** so that two separate 
but statistically equivalent turbulent boundary layers were formed* 
Tests were performed with several trailing-edge geometries with the 
upstream velocity ranging from a value of 30*9 m/s up to 73*4 m/s* 

The mean-square sound press^ire level of the trailing-edge noise 
was found to follow the convection velocity V to the 4.97 power, which 
closely follows the theoretical prediction of a 5*0 power* When scaled 
to full-size, two-dimensional trailing-edge noise was found to be some 
15-20 dB below measured sound levels for large-bodied jumbo- jet 
aircraft in the aerodynamically ’•clean" configuration* 'Kiis lower 
sound level for the trail ing-edge noise is shown to be in agreement 
with trailing-edge noise theory applying the mathematical "Kutta" 
condition* 

Properties of the boundary layer for the airfoil and pressure 
fluctuations in the vicinity of the trailing-edge are examined. A 
scattered pressure field due to the presence of the trailing-edge is 
observed and is suggested as a possible sound producing mechanism for 
the trailing-edge noise. 
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!• GCNERiiL INTH0DUC7I0N 


Aircraft ralatad noisa has baan a topic of conaidarabla raaaarch 
intaraat for mora than two dacadaa, with tha first landmark thaoretical 
papar on tha subjact * ^On Sound Ganaratad Aarodynamically* - 
baing publishad in 1952 by N« J» Lighthill#^^ and kno%m as tha acoustic 
analogy method. Much of the early work, both theoretical and 
experimental, concentrated on tha understanding of jet noise* The 
contribution of aircraft body noisa, which at that time was relatively 
small, was ignored* However, the advent of large aircraft such as 
jumbo- jets with their much larger surface areas coupled with the 
considerable success that has been achieved in the reduction of jet 
noise has led to an increased examination of the noise generated by 
aircraft body surfaces* Indeed, body noise may eventually present a 
new noise floor, i*e* a lower bound, to further reductions that might 
occur if jet engine noise reductions of order lOdB are achieved in the 
next decade, and thus may be of oris.ary importance during aircraft 
landing approaches when the engines are throttled*^ It may be 
postulated, moreover, that this noise floor cannot be lowered below an 
absolute lower bound that would be set by two-dimensional flow over an 
optimally designed wing of large aspect ratio* Effects of flaps, slats 
and three-dimensional effects would be expected to increase this lower 
bound level. 

The interest in this lower bound which is set by two-dimensional 
flow over an airfoil has provided the impetus for the present 
investigation* Prom theoretical results it can be anticipated that a 


2 


najor sourca of body noiM for two-dimans ional flow will raault from 
tha flow in tha vicinity of tha trailing-adga of tha wing* Thus 
axparinantal maaauramanta of trailing-edga noisa radiatad by tha two- 
dimanaional flow ovar an airfoil will ba comparad with pradictad 
raaulta from thaoratical conaidarationa* 
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2. THSORY 
2* I Introduction 

In an affort to raduca tha full'-acala trailing-adge noiaa problem 
to its aia^laat form# tha problem ia modeled phyaically aa tha 
interaction of loa Nach-^numbar two-dimanaional turbulent floe with the 
edge of a aemi-infinite thin rigid plate (aaa figure 2.1) • Howe^^ has 

given a coi^rahenaiva review of various mathematical thaoriea developed 

to treat thia problem using aoma form of vortex or "eddy" paaaing the 
edge of a rigid aemi-infinita flat plate (sea figure 2.2) • Ihesa 

theories were divided by Howe into three categories# namely those based 

on (1) the Lighthill acc istic analogy# (2) the linearized 
hydroacoustic equations# and (3) ad hoc models* Howe demonstrated that 
the various approaches to the trailing-edge problm all lead 
essentially to the same basic parametric dependencies for the mean- 
square sound pressure <p^> as was described by the acoustic analogy 
result of Pfowcs Williams and Hall® namely 

<P^> ■ P-^ Sin a sin^(-^)co8^e (2.1) 

R 

where is the density of the fluid# v is the fluctuating velocity# 

V is the flow convection speed# is the Mach-number based on V# L 
is the span length of the plate# £ is a spanwise turbulence scale# R is 
the distance of the observer from the trailing-edge# a is the angle 


(b) 


Figure 2«I Tralllng-edge noise problem (a) modeled physically as the 
intersction of low Nach-number t«#o-dimensional turbulent 
flow with the edge of a semi-infinite thin rigid plate 

(b) . 
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PLATE 


VORTEX 

EDGE 


Figure 2,2 TralLlng~edge noise BK>del* Various (tathsaatical thsorlss 
treat the traillng-edge noise problea using soae font of 
vortex nodal passing the edge of a sesd-infinite flat 
plate as shown* 


thm c^Mrv^r «nd th« of th« plato# 6 ii tho "flyovor" 

angular position of ths obstrvar# and g is ths angis ths flow aakss 
with an sxtsnsion to ths plans of ths plats (sss Figurss 2*3, 2«4)« 

Thus all ths thsoriss rsviswsd by Hows Isad to ths dspsndsncs of 
<p^> on ths following iaportant paramstsrst (1) ths fifth powsr of ths 
flow vslocity sines v2v2h^ ^ V5, (2) ths "seals factors," span Isngth 
L, and spanwiss turbulsncs seals i, and (3) ths obssrvsr coordinates R 
and 9i giving riss to ths usual R~2 acoustic fall*-off in ths mean- 
squats sound prsssurs with distance and a 8in2(e/2) directivity 
pattern (sss figure 2.5) • (Notet Ths appearance of ths modulus of ths 
angle, 9, is of importance in ths cooq>lsx plans transformation in 
ths theory.) 

Ths various theoretical treatments leading to ths basic result of 
equation 2.1 will now be examined in mors detail, beginning with a 
physical description of ths phenomenon involved in ths production of 
ths trailing^sdgs noise. This is followed by discussions of ths 
various analytical approaches to ths trailing-sdgs noise problem. 

2.2 Physical View of the Trailing*sdge Noise Phenomenon 

Ths local surface prsssurs field of ths boundary la^sr on a flat 
rigid plats can be viewed physically as a distribution of nearly 
statistically independent point forces over ths rigid plate which 
fluctuate in time and space. Such a fluctuating force phenomenon might 
be vis%#sd in the Ilgi'at of simple acoustic radiation theory as 
indicative of a distribution of point dipole sources of sound over the 
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•urfac* of th« pl*t«« Mowovor, for upotroMi fro« th« odfo of o 
••■1-inflnit* plot** rofloction* of tho point dipolo* ot th* plot* 
boundory prodvioo on olaoot coo^lot* concollotion to fora quodrupolos. 
Thot io* tho rofloction of th* dipolo* rooults in th* offoctiv* 
foraotion of o quodrupol* oourc* diotribution ond it* ehoroetoriotic 
docrooood offieioncy of rodiotion (oo* figur* 2>6). Hooovor* o* th* 
individuol contort of turbulonc* or oddioo opprooch tho odg* of th* 
•*od.*infinito plot*, th* rofloctiv* concollotion auot ond. Such « tin* 
rot* of chonq* in ovont* " offoctively o tin* rot* of chonq* in 
boundory condition* o* ooon by th* turbulont oddi** - i* ehoroetoriotic 
of onothor sound producing phonononon (so* figur* 2.7). Thio thon 
•uggoot* thot th* troilin^odg* oltoro th* choractor or "seottors" th* 
turbulonc* incidont upon it fron up*tr*on ond thot sound is g*n«rot*d 
00 0 rooult of this scottoring. 

With this physical pictur* of th* trail in^sdg* nois* phonononon in 
mind, a nor* analytical approach to th* problon will now b* considorod. 

2.3 Th* rornulation of Pfo%«cs Williaaa and Hall 


Pfowe* Williaa* and Holl^ approochod th* problon of nois* 
production rosulting fron flow intoractions with th* trailin^odg* of a 
soni-infinit* plot* by diroct us* of Lighthill's fora of th* acoustic 
wavs oquotion^^ for th* fluctuating density p, that is 
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Figure 2.6 Plate reflections. Far upstream from the edge of a semi- 
infinite plate, reflection of a point dipole distribution 
of sound sources (a) at the plate boundary produces an 
almost complete cancellation to form a quadrupole 
distribution of sound sources (L>). 
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Figure 2.7 The semi-infinite plate model. As turbulence approaches 
\ the edge of a semi-infinite plate, reflective 

cancellation of the sound sources must end. This time 
rate of change in boundary conditions as seen by the 
turbulent eddies results in the production of sound. 
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\ih%rm c Is the speed of sound propagation in the fluids and 
are source coordinates# and are components of the fluid 
velocity# p. is the compressive stress tensor# and %^ere the 

^ J 

Kronecker delta 6^^ equals unity when i * j# and is zero 
otherwise. Ffotrcs Williams and Hall then showed that the solution of 
the acoustic wave equation 2.2 for the case of the semi*infinite thin 
rigid plate could be written to obtain the acoustic pressure p(x;(o) at 
frequency as 


p(x^(u) 


i ! 


3% 

ay^ay. 


> / 


!fs 

an 


GdS, 


(2.3) 


This solution implies that the far field sound pressure p with angular 
frequency o) at observer position x results from sound sources# which 
may be represented by a quadrupole distribution related to the quantity 
pViVj within the volume V of the turbulence and by a surface 
distribution of dipoles over the surface S dependent upon the surface 
pressure p^# by means of a Green’s function G appropriate for the 
case of a source near the edge of a semi-infinite plate (see later). 
Kfowcs Williams and Hall then rewrote the solution 2.3 in terms of 
volume quadrupole sources only# as 


p(X,b)) 



I 1 


dV. 


(2.4) 


The physical significance of equation 2.4 is that it describes a 
uniquely quadrupole volume source type of acoustic radiation and 
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results conceptually from the effective reflection of the surface 
dipole sources represented by the surface integral in equation 2.3 by 
the plate and the incorporation of these new volume quadrupole 
components with those already represented in equation 2*3 (see figure 
2 . 8 .), 

Ffo%#cs Williams and Hall then made use of the Green's function of 
McDonald^ which is appropriate for the case of a source near a 
diffracting serai-infinite plate, namely 

iw/4 -ikR 

“■T7T >V- 

w 

where 


^2 -ikR' 

r R — iU e 

[ e dU — 


R' 


-i" a„, 

j e dU) 


(2,5) 


1/9 1/9 

“r ■ ~ T ~ ’ ^ 


and 


krr . 0+0 


± Ik(D-R’)] 


1/2 


and where D is the shortest distance between the source and field 

points via the edge and where the wavenumber k equals ui/c, see Figure 

2.9 for geometry. Physically, this Green’s function incorporates the 

— ikR' 

reflective influence of the plate, where (e )/R' is the 

ikR 

mirror image of the free-spacc Green's function (e )/R, and the 
diffractive influence of the edge which is embodied in the Fresnel 
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Figure 2.8 Physical interpretation of equations 2.3 and 2.4. 

Equation 2.3 describes a sound source distribution using 
both quadrupole and dipole terms (a) whereas equation 2.4 
accounts for the reflective influence of the plate by 
describing the source distribution completely with 
quadrupole terms (b) • 
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OBSERVER 



Figure 2.9 (after Ffoi^s Williana and Hall^) (jeometry for the 

McDonald^^ Green's function for a seal-infinite plane* 
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integrals J a dU* Ffo%rcs WilliaM and Hall pointad out 
that (1) any anhancamant of tha sound from a aaml-infinita plata ovar 
that of an infinlta plata raaulta from derivativas of thaaa Praanal 
intagrala, ainca tha Fraanal intagrala thamaalvaa ara limitad to valuas 
batwaan zaro and ona and that (2) thaaa darivativaa contain (D*R)**1 and 
(D-R*)*^ tama which bacoma infinita as tha aourca point approachaa tha 
adga ainca R and R* aqual D when tha source ia at tha edge# so that tha 
mathanatica which raault in enhancement of tha sound field also result 
in tha introduction of a mathematical singularity into tha problem* 

By incorporating the Green's function of aquation 2*5 into aquation 
2*4 for tha case of a turbulent eddy at a distance r^ upstream but 
near tha edge so that 2kr^<<l, %rhare k is tha wavenumber, than an 
axprasson of the form of equation 2*1 was obtained for tha maan^square 
sound pressure* 


2*4 alternative Formulations 

In an alternative formulation, Crighton^ modeled tha adga-noise 
problem as tha approach of a line vortex toward tha edge of a 
aami-infinita plata under tha influence of a potential field* The 
pertinent mathematical techniques involved the matching of a wave field 
in "outer" coordinates to an incompressible r^eld in "inner" 
coordinates* Howa^^'^^ reformulated the approaching line vortex 
problem by direct use of the Lighthill acoustic analogy which resulted 
in an expression relating tha radiated sound field to tha rata at «rhich 
vortices cross potential lines* Besides resulting in an expression 
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for tho MAn-squartt prosaure of th« radiatad sound in agraament with 
tha Pfowcs Williams and Hall aquation 2 ^ 1 ^ this mathod has graat marit 
in prasanting a claar, physical interpretation of tha affect of 
application of tha mathematical technique called the "Kutta condition#” 

as discussed later* 

In an effort to avoid consideration of the Lighthill volume source 
tam - a term considered unmeasurable in practice because it contains 
products of derivatives of the fluctuating velocities as a noise 
generation mechanism in the presence of a sharp edge# Chase ^ developed 
a model baaed exclusively on integration of the surface pressure terms* 
This approach was termed a "linearized hydroacoustic approach” by 
Howe#^^ since it uses an assumed form of the nearfield pressure 
spectrtn to predict the farfield radiated sound pressure spectrum, the 
resulting sound field, when integrated over the entire frequency 
spectrum# scales as the fifth power of a characteristic flow velocity - 
concurring with the velocity dependency result of Ffowcs Williams and 
^11# equation 2.1* 

In another "linearized hydroacoustic” approach to the trailing- 
edge noise problem Chandiramani^ developed a model which employed# by 
means of a free-space Green's function, both surface pressure and 
volume source terms* This approach# like that of Chase, required a 
detailed knowledge of the surface pressure distribution* Despite this 
difficulty, however# Chandiraraani's formulation again resulted in a 
fifth power dependency of the mean-square sound pressure on the flow 
velocity as in the Ffo%#cs Williams and Hall equation 2*1* Also# this 
formulation further illustrated the scattering effect of the 
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trailin^«d9* as dspicted in Figura 2.10, whara an addy is saan to 
radiata strongly as it is altarad or scattarad (diffractad) by the adga 
of a sasd-infinita plata* Of coursa in the airfoil casa thara ara two 
boundary layars# on tha uppar and lo^ar surfacas, and so thara will ba 
contributions to tha sca^carad fiald fron both sidas. 

In an **ad hoc* approach ^ Haydan, Fox and Chanaud^^ devalopad a 
dipole modal of tha edge noise problem which indicated that noise is 
generated as tha result of rapid acceleration of tha fluid medium upon 
encountering tha trailing-edge. A source dipole strength was 
calculated and taken to be the major contributor to the farfield sound* 
However, in their derivation of an expression relating the farfield 
sound to flow velocity, Hayden at al* failed to take into account the 
fact that tha contribution to the sound field made by a source near the 
edge ^decreases very slowly as a function of distance* from the 
adga*^^ Howe reworked tha problem to include this decay in source 
contribution with distance from the trail ing^edge* Itie resulting 
expression relating the farfield sound field to flow velocity is in 
essential agreement with the Pfowcs Williams and Hall result 2*1» Thus 
all of the various approaches to the trailing-edge noise problem 
discussed above lead to parametric dependencies for the ntean-square 
pressure of the radiated sound in substantial agreement with the Ffowcs 
Williams and Hall result 2*1 • with these different analytical 
approaches to the trai ling-edge problem now in mind, it will be 
instructive to consider the basic differences in approach, which 
involves the selection of an appropriate Green’s function, presented by 
some of the various theorios. 
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Figure 2.10 An eddy la seen to radiate strongly as It Is altered or 
"scattered" by the edge of a seml-lnf Inlte plate. 
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2.5 GrMn*a Functions Uosd in Various Fonsulstions of ths 
Trsiling-sdgo Noiss ProbiM 


K thorough examination of ths various formulations of ths 
trailing-’sdgs noiss problem reveals the use, in some of these 
formulations^ of at least three different Green's functions to satisfy 
the same basic equation, that is, a Curle^ type equation for the 
fluctuating density p: 


P 



/ 

V 


i!s- 




I, 


11 


f^dSdt 


( 2 . 6 ) 


where c^ is the speed of propagation of sound in the fluid, t is 
time, y^ and y^ are source coordinates, and Where the sound sources 
are represented by a quadrupole distribution related to the Lighthill 
stress tensor within the volume V and by a surface 
distribution of dipoles over S dependent upon the fluctuating surface 
force f^ by means of some appropriate Green's function G. The 
equation 2.6 may be solved for the sound using either a free-space 
Green's function or a Green's function "tailored" to the specifics of 
the given problem. The use of the free-space Green's function may, 
however, lead to erroneous results unless the surface dipole terms aie 
known with extreme precision - a tenet often unreal Izeable in problems 
involving bodies of large spatial extent within turbulent flows* 

This difficulty can, however, be avoided by the use of a "problem 
tailored" Green's function contrived to minimize the surface dipole 
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t«rM« On th« othw h«nd» if th«r« is s nssd for « s»rs dstsilsd 
kiuMflsdgs of ths nsarfisld-fsrfisld prsssurs intsrsctions# it will bm 
nscsssary to supprsss ths voluM sourcs ints^rsl in favor of ths 
surfacs sourcs ints^al with an approprlatsly **tailorsd" Grssn*s 
function* 

Thus thrss basic Grssn*s function forsailations for ths 
trailing^sdgs problsm havs arissnt (I) ths Grssn*s function of Ffowcs 
Williasis and Hall *tailorsd" to rmovs ths surfacs ints 9 ral# (2) ths 
Grssn*a function of Chass ’’tailorsd" to rsmovs ths volums intsgral, and 
(3) ths frss**spacs Grssn^a function ussd by Chandiramani* although 
approachss (2) and (3) rsquirs a mors dstailsd knowlsdgs of ths surfacs 
prsssurs fisld^ a mors intricats rslationship bstwssn propsrtiss of ths 
flow and ths rssulting radiatsd sound can thsorstically bs obtainsd 
than with approach <D* Thus ths sslsction of a Grssn*s function for 
ths solution of squatiOT 2*6 involvss a trads-off bstwssn sass of 
solution and dstail of knowlsdgs of ths nsarf isld«*farfisld prsssurs 
intsractions* 

Again# dsspits thsir divsrsity of approach to ths problsm# ths 
various trailin^sdgs noiss thsoriss Isad to predictions for ths 
msan-squarsd prsssurs of ths radiatsd sound in ssssntial agrssmsnt with 
ths ffowcs Williams and Hall rssult 2*1* Howsvsr# thsss thsoriss havs 
all modslsd ths trail ing-sdgs noiss problsm bassd on an asoisiq>tlon of 
nsgligibls viscosity* Thsrsfors# ths mathsmatical stsp in potsntial 
flow# that is inviscid# problsms ussd to clossly modal ths rsal 
situation of viscosity will now bs considered along with ths rssulting 



Th* varioua foraulations of th« tralllnf-odg* nolM problaa have 
chlafly Ignorad ttia quantitatlva affact of raal flow viacoalty. 

Howavar, tha pradlctad laval of tha radiatad aound ia ^raatly af factad 

1 

by tha Incluaion of a Mthaaatical requlramant that tha flow, to avoid 
producing a aathaMtlcal alngularlty, laava any aurfaca 
tangantlally,20 4 raqulraaMnt which cloaaly aodala tha raal flow 

i 

situation whara no singularity occurs bscauss of ths "softsning” sffset 
of viscositya^^ This mathsaatical rsquirsMnt in potsntial flow, that 
is inviacidp problsM is callsd tha Kutta condition* 

Accordingly/ tha Ffowes Williau and Hall trailing-adga noisa 
rasult axprassad by aquation 2*1 **asaantially rasts on tha potantial 
fiald singularity of tha diffraction problam at tha adga and would ba 
substantially iBodifiad if any typa of **Kutta** condition «#ara invokad to 
limit its affact*”^ That is# tha sasia smthamatical tachniqua which 
rasults in an anhancamant of tha sound fiald also introducas a 
singularity into tha formulation. Thus any softaning of that 
singularity rasults in a lassaning of tha anhancamant affact and a 
lowaring of tha pradlctad valua of tha awan^squara prassure of tha 
radiatad sound. Similarly, tha application of tha Kutta condition to 
tha othar trail ing-adga noisa aodala would also ba axpactad to rasult 



In a lowaring of tha pradlctad maan^squara sound prassura lavala 
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k raaolt of naaoly that tha 


p^sln(e/2) 


fR 


1/2 


>f'S' 


(^)l 


(2.7) 


wh«r« Pq Is ths density of fluid and whsrs R and 0 ara 
obsarvar coordinatas (saa Figura 2.11)^ connactad tha radiatad sound 
prasaura p to tha rata at iihlch vorticas r and y cross potantial linas 
f. tfara tha Xutta condition is appllad by having a sacond vortax y of 
aqual strangth to tha incidant vortax r laavlng tha trail in g*adga so 
that tha flow is tangantial and tha sound producad by tha two addias 
tands to cancal. Hows connactad this affact of application of the 
Kutta condition to tha ffowes Williasis and Hall no^Kutta pradiction 
aquation 2.1 as a raduction in tha pradictad Man-*squara prsssuras of 
tha radiatad sound by a factor of ( 1 *W/V) 2 , whara W ij tha waka addy 
convaction valocity and V la tha addy convaction velocity upatraas of 
tha waka and naar tha surface of tha plats. 

It should ba raaliaadi howavar, that tha Hows two-addy nodal for 
applicatiM of tha Kutta condition is not obsarvad in practice for tha 
cos^lax case of an airfoil wattad on both sidas turbulant boundary 

layers* Of course# in practice a wake will fom naar and downstraas of 
tha trail in<radga. Froai g ao n atrical considerations# than# it sdght ba 
argued that in tha prasanca of a vortax sheet raprasanting tha waka# 
tha addy would not ba subject to a boundary condition change at tha 
trailing*adga and it would ba seen that tha sound radiation would ba 
saro (saa figure 2.12)* tharafora it would ha expected that in 



Figure 2.11 (after Howe^O) Xutta condition* The Kiitta condition 
is applied here by having a second vortex y of equal 
strength to the incident vortex T leave the trailing-edge 
such that the sound field produced by the tm eddies 
(vortices) crossing lines of constant potential f tends 
to cancel. 
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practica tha trailing*adge noise would be less than the no*Kutta 
condition theoretical prediction* 

Thus it was realized^ like other workers/^ that an exacting 
experiment needed to be performed to measure the trailing-*edge noise 
per unit span for two-'dimensional flow over an airfoil in order to 
establish this lower bound noise level and to compare it with predicted 
theoretical results as well as full-scale flyover data for aircraft in 
the "clean* configuration (that is# in the cruise configuration with 
flaps and landing gear retracted) « 
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EDDY 


TRAILING- VORTEX 

EDGE SHEET 


Figure 2»12 Eddy-edge interaction. In the real flow situation where 
a wake forms behind the airfoil (represented here by a 
vortex sheet) an eddy approaching the trailing^edge may 
no boundary condition change with time and may not 
therefore produce trailing-edge noise. 
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3. BXPBRIMSNTAJL DESCRIPTION 

In ord«r to perform the desired trailing-edge noise measurements i 
tests were conducted in the quiet-flow anechoic facilities at the NASA 
Langley Acoustics and Noise Reduction Laboratory (AMRL)« The airfoil, 
flow conditions# and signal transducers for the experiment are 
described below* 

An alxminum NACA 0012 airf^^il of 0*61 m chord and 0*46 m span was 
supported by two reinforced sideplates designed to maintain 
t%#o*-dimensional flow over the airfoil (see Figure 3*1) and was immersed 
completely within the potential core# that is laminar# region of a 0*3 
m X 0.46 m low turbulence jet in such a manner as to insure that 
laminar flow was maintained in the free-stream up to and past the 
trailing edge of the airfoil* As can be seen in Figure 3*1# the 
sideplates were covered with porous foam at their rear edges to reduce 
extraneous edge noise* A 2*54 cm width roughness strip was placed at 
15% chord from the leading edge on both sides of the airfoil as a 
boundary la^er ''trip” so that two separate but statistically equivalent 
turbulent boundary layers were formed* Tests were performed with the 
upstream velocity U ranging from a value of 30*9 m/s up to 73«4 m/s 
with the NACA 0012 airfoil at angles of incidence a * 5*# and 10* . 

However# the case of a * chiefly reported since the angle of 

incidence seemed to have a negligible effect on the results* Several 
trailing-*edge geometries# in addition to the standard "blunt” geometry 
of the NACA 0012 (see Nanley^S for details)# were achieved by 
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contouring woodm tralling-^adge axtenaions# see Figure 3* 2* Most of 
the data analysis# however# involved the standard ** blunt ** trailing- edge 
and the "sharp" trailing-edge geometries depicted in Figure 3«2. 

Ihe radiated noise was aieasured by using eight 1*27 cm Bruel and 
Kjaer type 4133 condenser microphones positioned around the airfoil as 
shown in Figure 3*1« Noise spectra were determined using the cross- 
spectra betmen microphones on opposite sides of the airfoil* Sound 
pressures at these "opposing" positions were 180* out of phase over the 
frequency range corresponding to the measured trai ling-edge noise* 
Measurements of surface pressure fluctuations were accomplished 
with 32 Kulite pressure tranducers of special development and design 
(see Figure 3*1 for the placement of trailing-edge Kulites and Figure 
3*3 for a photograph of an unmounted Kulite transducer) with a 
Helmholtz resonance of 63 kHz^^ and with extremely flat amplitude and 
phase response to 20 kHz (see Figure 3*4) as checked in a specially 
developed pressure coupler* (For details of the design# calibration# 
and installation of the Kulite pressure transducers# including the 
design and operation of the pressure coupler# see Manley* ^^) 

In the boundary layer# a boundary layer "rake#" a series of small 
pressure sensitive Pitot tubes arranged side-by-side in a linear array# 
was used to measure the velocity distribution in the boundary layer 
close to the airfoil as a function of distance from the surface* 
Pressure measurements were also taken next to the surface of the 
airfoil by the use of a 0*127 cm diauneter Preston tube at various 
spanwise and chordwise positions* 


TRAILING -EDGE GEOMETRY 


SHARP 
1.1 mm 



1.9 mm 




I 


I 

I 
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Figure 3.2 


Trailing-ttdge geometries used in the experiment. Note 
especially the **sharp** and the 2.5 mm "blunt** geometries 




Figure 3*4 Amplitude and phase response for a typical Kulite 

transducer used in the experiment* Note the unusually 
flat response of the transducer* 





HiMur«Mntfl of thm wak« naan valocity and fluctuating valocity 
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bahind tha airfoil wara accoRV>lishad by naans of a two channal 
linaarisad hotwira anaaoaatar ouinufacturad by Tbarmoaystans and using a 
cross*wira proba with 0.00381 nm diamatar tungstan wiras. 

Analogua data signals obtainad fron thasa transducars wara racordad 
magnatically (PN) for latar analysis which usad both connarcially 
availabla raal-tima spactrin analyzars as %#all as Fourier transform 
softwara by digital coo^utar. For a coiig>lata discussion of tha data 
collaction procaduras and tha signal conditioning and procassing 
tachniquas involved, saa Nanlay.^^ 

With tha above described airfoil, flow conditionr , and signal 
transducars, tests for tha maasuramant of tha trailing-adga noise wara 
parformad. the results of thasa tests with conq>arison to theory and 
full*scala data follow. 
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4« BOUMDARY LAYER MEASUH1MBNT8 AND RESULTS 


4.1 Boundary Layar Rake Neaauramenta 


From equation 2«1 it was anticipated that the boundary layer 
thickneee 6 proportional to the spanwiee turbulence ecale i muld need 
to be determined in the experiment in order to correctly scale the 
model results to full*-size. Also the amplitude of the pressure 
fluctuations in the turbulent boundary layer on the tw surfaces of the 
airfoil was known to depend on the local skin friction coefficient 
Hence a thorough investigation of these parameters was 
performed* 

With this purxx>se in mind, a boundary layer rake consisting of a 
series of small pressure sensitive Pitot tubes was employed to directly 
measure the velocity distribution in the boundary layer of the airfoil 
as a function of distance from the surface of the airfoil* The local 
fluid flow velocity U within the boundary layer at various distances y 
from the surface of the airfoil was then determined from Bernoulli's 
equation as 


U(y) 


2(p-p ) 

[ *-] 

P 


1/2 


(4.1) 


where p is the pressure measured at a particular distance y from the 
airfoil surface, la the "static pressure" which corresponds to the 
pressure on the surface of the airfoil, and p is the fluid density* 
From the boundary layer profile U versus y, (see figure 4*1 for a plot 
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of • typical boun4ary layer profile), the parar^ters local velocity 
at the 0690 of the boundary layer, diaplaceaent thicknesa 

6 * • f (1-U/O, )dy, moaientufli thiekneas 9 “ / ** U/U, ( 1-0/0. )dy, 

' O 1 'Oil 

and fon factor H • wata than obtainad# 

Thm akin friction coafficiant - x^{l/2pV^^) , whara 

shaar straas at tha wall# waa than 

obtained by using tha univaraal similarity law for tha logarithmic part 
of tha viacoua region^ ^ in tha form 


log 


10 




u,y 

(-1-) ♦ 5.9, 

V 


(4e2I) 


aaa Pigura 4#2 for a nomogram with diffarant valuaa of (Tha 

constants **4e9* and **5e9” in tha aquation 4e2 ara thoaa dua to Bradshaw 

for a flat plats boundary layare^) although tha boundary layar on a 

NACA 0012 airfoil naar tha trailing-adga la in an advaras praasura 

gradient (aaa Pigura 4e32^) it is navarthalass fait that tha usa of tha 

flat pats (zaro praasura gradient) formulation will give consistent 

valuaa of for tha range of Baynolds numbers of tha taatSe Prom 

1/2 

Cj tha wall friction velocity U* * could than be 

obtained# 

Tha above boundary layar paraffictars ara tabulated in Table 4.1 for 
various values of tha v^straam velocity with tha airfoil at 0* 
angla-of«attacke Appendix 11# 1 contains extensive tabulations and 



Figure 4.2 A noiK>gre« of the log law (equation 4.2> for different 
values of c-. (Here O is the local velocity, la th. 
local velocity at the edge of the boundary layer, y is 
the distance frosi the plate and v is the kinematic 




(/) 



NORMALIZED CHOROWISE POSITION, s/c 


Figure 4.3 The pressure distribution about a NACA 0012 airfoil from 
the NACA Wartime Re port. The quantity S as defined in 
the text is proportional to the static pressure at a 
given chordwise position s .normalized on total chord 
length c)« 
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Table 4.1 Boundary layer parameters for the NACA 0012 airfoil at 0* 

angle-of**attack boundary layer rake measurements* i^ke 

at 0*238 cm from trailing-edge and 2*54 cm from airfoil 
centerline* 


V, Cj U* 5* 0 H 


m/s 

1 

m/s 

£ 

m/s 

-w 2 
N/m^ 

cm 

cm 


22.86 

21.06 

0*00225 

0.7064 

0.5964 

0*4274 

0.2748 

1.566 

38*10 

35.45 

0*00215 

1.1623 

1.6146 

0.4003 

0.2641 

1.516 

45.72 

42*79 

0*00200 

1*3533 

2.1890 

0.4063 

0.2702 

1.503 

53.34 

50*14 

0*00200 

1.5855 

3.0051 

0.4079 

0.2730 

1.498 

60.96 

57.45 

0.00200 

1.8169 

3.0457 

0.4005 

0.2678 

1.496 


40 


plots of these boundary layer parameters for 0®, 5®, ami 10® angle-of- 
attack « 

4.2 licundary Layer Pre.s: Tube Me.i aireinents 

As a further clieck on the "log law" determination of presnure 

measurements were taken on the surface of the airfoil by uiie of a 
Preston tube of 0.127 cm diameter. Ttie emj'irio.il law tor t!;e will 
stress corresuoml inq to the ocjaativ.>r. 4.2 the iorm 


log^O ; = -L.35J 1* 0.b75 [ ' (4.3) 

4; V 4pv 

where d is the diameter of the Preston tube, p is the fluid density, u 
is the kinematic viscosity, and where the static pressure p^ 
corresponds to the pressure on the surface of the airfoil. The 
parameters wall stress friction velocity U^, and skin friction 
coefficient are tabulated in Table 4.2 for various values of the 
upstream velocity for the i>arLicular case of the Preston tube at 
midspan, 0.238 cm from the trail ing-edge. (A more complete tabulation 
with plots for chordwise positions of 0.238 cm, 2.54 cm, and 22.86 cm 
occurs in Appendix 11.2). These results are in close agreement with 
the measurements of determined from the "log law" and velocity 
profiles. 

In addition, it is known that the uniformity with span of the skin 
friction coefficient Is a good check on the closeness to 


two-dimensionality of the flow. Thus Preston tubes were attached at 
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Tabl« 4«2 Boundary layar paraneters for the NACA 0012 airfoil at 0^ 
an 9 le«K>f -attack obtained from Preston tube me^surenente at 
0*238 cm from the trailing-edge on the airfoil centerline* 


0- 

m/s 

to 

U* 

m/s 


22.86 

0.7371 

0.7803 

0.0027 

38.10 

1.8667 

1.2418 

0.0024 

53.34 

3.5277 

1.7069 

0.0023 

60.58 

5.5380 

2.1388 

0.0022 
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spanwise poaitions at 0.238 cm from the trailing-edge. Plots of 
Preaton tube readings for 0 * , 5*, and 10* angle*of*attack are shown 
in Figure 4.4 where it is seen that the flow is reasonably 
two-dimensional over the entire region of the span where measurements 
were taken, except close to the sideplates where the sideplate boundary 
layers are present. 

4.3 Coo^rison of the Mean-pressure Distribution Around 
the Airfoil with Previous Data 

The measurement of the boundary layer properties included the 
determination of the local velocity at the edge of the boundary 
layer. This allowed for the coefficient S * proportional to 

the value of the static pressure on the surface of the airfoil to be 
determined for the station 0.238 cm upstream of the trailing-edge and 
compared with previous results^^ at much higher Reynolds number. The 
close agreement for this station on the airfoil centerline can be seen 
in Figure 4.5. It is felt that this comparison and agreement is very 
important in view of the geometry of the experiment in which an airfoil 
was immersed in a rectangular jet in a large, but still finite-sized 
room. The agreement demonstrates that the static pressure in the 
vicinity of the trailing-edge was indeed established by the airfoil 
static pressure distribution arising from the flow around the airfoil 
and not by any confinement effects due to the room. The physical 
inference from this result is that any unsteady trailing-edge condition 
described by the measurements described in this work are not influenced 


(mm Hg) 


• A OPPOSITE SIDES 
OF AIRFOIL 



TE SPAN (cm) 


Figure 4.4 


Demonstraton of two-dimensional flow. The two- 
dimensionality of the flow near the trailing-edge is 
demonstrated here by the reasonable uniformity of the 
pressure quantity (p*Pg) across the span. Here p is 
the Preston tube pressure at 0.238 cm front the trailing 
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PRESSUR E COFFI C I EN T 


Figure 



4.5 Airfoil pressure distribution# The close agreement 

b<^t:ween the predicted static pressure distribution for 
the airfoil^** and the value determined from the 
experiment O can be seen in this plot of the pressure 
proportional quantity S against chordwise position s 
(normalized on total chord length c)# 
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by any confinemant af facta of the room through soma back affect on the 
trail ing-adga by the wake flow* 
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5. THE ACOUSTIC FARFIBLO AND SOUND POWER LAW 

5.1 Far field Spectrum and Phase and the Power Law 

In a detailed examination of the properties of the sound field cf 
the trailin^-edge noise phenomenon, both the spectrum and phase 
' characteristics of the farfield pressure fluctuations were examined. 

I 

In addition, the variation of the mean*square sound pressure with 
upstream velocity U^ was examined and then compared to the fifth 
power prediction of equation 2 .I. 

Typical spectrum and phase plot of the sound field, obtained by the 
cross-spectrum technique described earlier, are presented in Figure 
S.l. It should be noted that the sound pressures on opposite sides of 
the airfoil are 180* out-of-phase over the frequency region 
corresponding to the trailing-edge noise. As seen in Figure 5.2, the 

I 

^ addition of bluntnass to the sharp trailing-edge configuration results 

I in an additional "hump" in the spectra which can be attributed to 

discrete Strouhal-type vortex shedding. Also the effect of increasing 
I the upstream velocity which increases the level of the sound 

I spectrum of the trailing-edge noise may be observed. 

A quantitative measure of this effect of the flow velocity upon the 
mean-square sound pressure levels results from a s mama t ion of the 
levels in all the frequency bands corresponding to the trailing-edge 
I noise. These overall sound pressure levels (SPL) are plotted against 

upstream velocity U^ for both the sharp and the blunt trailing-edge 
case in Figure 5.3, for the measurement position of r ■ 1.22 m and 



PHASE IGXYI SPECTRUM LE VEL (RELATIVE dB) 
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Figure S.l A typical spectrum and phase plot of the trailing-edge 
noise sound field as obtained by cross- spectrum 
techniques (shovm here for the blunt trailing-edge case)* 
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angitt 6 • 90 * (for gooMtry, Figura 3 * 1 ) • Am thoim, tha naan* 

squara aound praaaura variaa aa for tha blunt and 

5,07 

for tha sharp casa (whara tha axponant is dstaminad by 

tha slopa of tha logarithmic plot). Nota that tha highar po%#ar 

dapandancy of tha blunt trailing-adga ovar that of tha sharp trailing* 

adga can ba attributad to tha contribution from tha Strouhal shadding 

6.0 

which follows a powar dapandancy charactaristic of a 

point sourca radiator such as a circular cylindar. 

Tha spactral **collapsa*' of Figure 5.4 providas a chack of tha 
validity of tha powar law, shorn hare for tha particular casa of tha 
blunt trailing*adga. Tha spactral values of tha sound prassura have 
bean normalised by dividing by As can ba saan, these 

values roughly coalesce, as they should if tha 5.3 powar law is indeed 
valid. 

Tha above powar law determinations inherently neglect Reynolds 
number affects and assume a constant relationship between convection 
velocity V of tha eddies at tha trailing-edge and tha upstream velocity 
To incorporate boun of these affects in tha powax dapendencias 
resulting from this simplified view, tha Ffowcs Williams and Hall 
aquation 2.1 for tha msan*square sound pressure <p^> may ba rewritten 
(without explicit rafarance to angular dapendencias) as 


<P^> 


R 


U 






so 



i 


FREE STREAM VELOCITY U.(m/s) 

Figure 5.3 Tae variation in the overall sound pressure level (SPL) 
with upstream velocity U^. The mean-square sound 
pressure varies as where n “ 5.07 for the sharp 
case and n * 5s 30 for the blunt cases 
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Figure 5,4 Spectral collapse* A spectral collapse obtained by 

plotting Mean'-’ square sound pressure <p^> nor»alixed on 
upstream velocity U to the 5*3 pover demonstrates the 
validity of the 5*3 power law as a functiofi of *reduced’ 
frequency fc/J2U^) %ihere c is the chord length* 
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(5.1) 


where is the fluid density^ is the speed of sound, v is the 
fluctuating turbulent velocity, U* is the friction velocity, is 
the upstream velocity, L is the span length of the airfoil, i is a 
spanwise turbulence scale, R is the distance of the observer from the 
trailing-edge, and the exponent n » 5. Here the fluctuating velocity v 
normal to the surface and nondimensionalized by the friction velocity 
U* is known to be relatively constant for a wide range of Reynolds 
numbers.^ ^ Now by incorporating the range of measured values of 
U*/U^ for the tests from Table 4.1, the power law dependence on the 
eddy convection speed can be calculated. 

These calculations showed that the small change in U* for the range 

of the experiment would increase the exponent n of equation 5.1 by 0.23 

while the small change in measured convection velocity V would reduce n 

by 0.33. The net change in the exponent n would therefore be An = 

0.23-0.33 * -0.10, so that the mean-square sound pressure scales on the 

4.97 

convection velocity V following from equation 5.1 as V * for 

5.2 

the sharp case and as V * for the blunt -use. Thus there would 
seem to be excellent agreement between theoi^y and experiment for the 
sharp case where the corrected experimental value of n » 4.97 is 
extremely close to the predicted value of n » 5.0. 

As a calibration check on the methodology and accuracy of the above 
sound pressure level measurements and power law determinations, an 
independent check was made using a rod cf 0.9525 cm diameter spanning 
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the rectangular jet in place of the airfoil. The acoustic emission of 
the rod is a pure tone with a frequency corresponding to the Strouhal 
number of the periodic shedding of the separated flow* Also, because 
of its small diameter relative to the sound wavelength, the rod behaves 
very nearly as a point dipole source* The measured mean-square sound 
pressure was round to depend upon the 6*0 power of the flow velocity 
(see Appendix 10*3) which is indeed in agreement with theory^ for such 
a source* 


5*2 The Effect of the Kutta Condition Result on the 
Absolute Level of the Mean-square Sound Pressure 

Turning to the absolute level of the mean-square sound pressure, a 
comparison may be made between the no-Kutta result of equation 2*1 and 
the measured le^ els of the experiment* The relationship between the 
mean-square sound pressure <p^> (at r » 1*22 m and ^ * 90*) and the 
upstream velocity may be written for the experiment as 

<p^> “ K U " (5.2) 


where n has been shorn to equal 5.07 for the sharp trailing-edge 
and where K is determined for this case from Figure 5.3 as 
K » ■ 2.9 x 10“ . so that equation 5.2 becomes 


<p > - 2.9 X 10 


-12 


5.07 


(5.3) 
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in SI units* This relationship may then be compared with the no-Kutta 
expression 2* I , namely 

<p2> . p ^vVm {^) (5.4) 

° V r2 

where is the density of the fluid, v is the fluctuating velocity, 

V is the flow convection speed, is the Mach-number based on V, L 
is the span length of the plate, it is a spanwise turbulence scale, and 
R is the distance of the observer from the trai ling-edge* Now equation 
5*4 can be rewritten as 


<P^> 


2 (0.55) 


3 


'r'' 

09 R 


K U 


(5.5) 


where K * 1.5 x 10“^ using typical turbulence levels (that is, v/U^ = 
0.04 for a flat plate^M, I ^ 6*# and V » 0.55 so that equation 
5.5 becomes 


<p^> 


1.5 X 10 


-9 


(5.6) 


at R * 1.22 and 0 ■ 90* . Thus the experimental result for <p^> of 
equation 5.3 has an absolute value which is 1.9 x 10*3 times the 
theoretical prediction of equation 5.6. Tliis much lower measured value 
is presumably due to the real viscous conditions at the trailing-edge 
unaccounted for in the no-Kutta prediction formula. It should be noted 
that this much lower meanured result is in qualitative agreement with 
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the ptediction of the ttio-eddy model of Ho%#e whereby a Kutta condition 
la incorporated as a (1-W/V)2 factor of reduction in the no-Kutta 
prediction* As shorn later, this model would indeed suggest a lowei 
predicted level of the radiated sound when the quantities wake 
convection velocity W and convection velocity V on the surface of the 
airfoil are supplied* (Strictly, however, in the real experimental 
situation with t%#o wetted surfaces it could be argued that the 
interpretation of the experimental values of V and W are not directly 
related to the two-eddy model of Howe.) 

Of course, basic to any application of theoretical KUtta condition 
prediction schemes is an understanding and detection of the actual 
phenomenon involved* While understanding that the Kutta condition is a 
mathematical step to remove a singularity in potential flow theory 
which does not occur in real flows because of the presence of viscosity 
is straightforward, the physical connection between the Kutta condition 
and the viscous case in unsteady flows is, however, less readily 
understood* It is oftcm proposed in the literature that a measurement 
of a zero pressure differential at the trailing-edge constitutes a 
physical detection of the phenomenon* (It should be noted here that 
the use of the description Kutta condition seems to have **crept" into 
the physical description of the real flow* From hereon it is proposed 
that the description trailing-edge condition be used when referring to 
the real viscous flow case.) See for example Fleeter, where the 
condition of zero pressure differential at the trailing-edge and 
satisfaction of the Kutta condition are equated* Such a condition has 


no real significance for a sharp trailing-edge, however, since it 
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•urely mamt be the case that in the limit as a single point in space is 
approached from two directions , the pressure differential there is 
identically zero in the absence of a finite width wake. For this 
experiment, simultaneous surface pressure time signatures have been 
captured for measurement positions near the edge of the sharp trai ling- 
edge airfoil (see Figure 5.5) which indicate that the upper and lower 
pressures there do indeed appear to tend toward the same value (that 
is, one function of time) as the edge is approached. However, to 
interpret this as an indication of satisfaction of the Kutta conuition 
is misleading since zero pressure differential is an altogether 
necessary requirement for the flow at a sharp trai ling-edge in the 
absence of a wake of finite width. 

Thus the Kutta condition must be considered as a mathematical tool 
for removing singularities in potential flow formulations and not as a 
** requirement" to be met by real flows. 

5.3 Scaling 

The level of the measured trai ling-edge noise when scaled to 
compare with jumbo- jet aircraft such as the Boeing V47, in the "clean" 
configuration with flaps and landing gear retracted in flyover is of 
extreme practical importa«tce in noise reduction efforts since the 
trailing-edge noise is likely to be quite important when the wingspan 
is very large. Two approaches can be taken in an effort to scale the 
model results: (1) scaling on wing area as suggested by Shaw^^ and (2) 



WIDE-BAND SIGNALS 
400 - 1400 Hz 



NARROW-BAND SIGNALS 
1000-10 0 0 Hr 



BAND C: PRESSURE SENSOR 
LOCATIONS, 2mm 
FROM TRAILING- 
EDGE 


Figure 5.5 Opposing trailing-edge surface pressure signals. 

Instantaneous wide band (a) and narrow band (b) signals 
from surface pressure transducers on opposite sides of 
the airfoil near the trailing-edge indicate that upper 
and lower pressures tend to one value at the edge (U^ ■ 
69.5 m/s). 
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scaling on the wingspan L and displacsmant thicknsaa 5* proportional to 
the spanwise turbulencs seals i as suggsstsd by equation 2.1* 

To scale on wing area, the mean-square sound pressure <p^> for the 
model from equation 5*3 may be normalized on wing area S and separation 
distance r as 


.2^ ^ ^ _-12 747 

<p > « 2.9 X 10 X ^ 

model 


, ^model. 2 ..5.07 

( ) X U 

^747 


(5.7) 


in SI units. 

Therefore the mean-square sound pressure for the tnodel of 0.2787 m^ 
total surface area at a distance r » 1.22 m, when scaled to a Boeing 
747 of 658.4 total wing area dt r * 152 ra traveling at 100 m/s, 
becomes <p^> “ 6.0 x 10*3 (pa)2 = 71.7 < 13 . 

In a similar manner, the experimental trailing-edge noise level of 
the model may be scaled on wingspan L and displacement thickness 6* to 
the Boeing 747 by rewritting equation 5.3 in the form 


2 


<P > 


2.9 X 10 X 


(L X 6*) 


model 


/model. 2 .. 5.07 

( ) X U 

r OD 

747 


(5.8) 


If a l/7th power law is assumed for the turbulent boundary layer 
growth^l over the wing, then 6 “ 0.37 ^^^x. Since the 

Reynolds number of the Boeing 747 wing is 7.54 x 10^ based on chord 
length x * 10.92 m at a flight speed of 100 m/s, this gives 6 * 10.74 
cm and 6* » 6/8 = 1.34 cm. Therefore the mean-square sound pressure 


of the model at a distance r = 1.22 m with 6* 


0.396 cm ^md 
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L • 0*457 m scales to the Boeing 747 traveling at 100 m/s at r « 152 m 

with 6* * 1*34 cm and L ■ 59*64 m by equation 5*8 to give <p2> « 1.14 x 

10“*3 (Pa)2 = 64*6 dB* 

^us trailing-edge noise levels of 71*7 and 64*6 dD are predicted 
at a distance of 152 m from a Boeing 747 traveling at a flight speed of 
100 m/s in ''clean'* flyover configuration (flaps and landing gear 
retracted) when the mean-square sound pressure levels of the model are 
scaled on wing area and L x respectively* This contrasts with 
full-scale data of Hardin^3 fQr the Doeing 747 in the '•clean** flyover 
configuration with engines throttled giving a level of 85 dB at this 
flyover speed and distance* It can therefore be seen that trailing- 
edge noise falls some 15-20 dB below the total body noise from jumbo- 

jet aircraft and thus it would appear that other effects, such as 

three-dimensional flow effects, are more significant contributors to 
the total airfreune body noise from these aircraft* 

This much lower result for the trailing-edge noise is also 
demonstrated by the use of a composite curve of body noise levels 
compiled for "clean" aircraft (flaps and landing gear retracted) and 
normalized on the parameter 6b/r2 by Fink^ where 6 is the boundary 
layer thickness, b is the span length, and r is the observer distance. 
On this plot,^ see Figure 5*6, there are two data points for the 
trailing-edge noise experiment. One data point ( ) results from 
normalization of the measured level of the mean-square sound pressure 
on the measured value of 6 ^ 2.29 cm obtained from the boundary layer 
profile in Appendix 11.1 for upstream velocity - 69*5 m/s. At 
this value of upstream velocity (equivalent to 135.1 Knotts) the 
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Figure 5.6 Sound pressure levels (SPL) for various aircraft 

normalized on the parameter 6b/r2 by Fink#^ where 6 is 
the boundary layer thickness, b is span length, and r is 
the observer distance. Trailing-edge noise levels for 
the experiment, when plotted on either a measured value 
of 6 (x) or a calculated value of 6 (^)# fall well below 
the line corresponding to jet noise, but near sailplane 
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tralling^^dg* noise sound prssurs level (SPL) wee 72.2 dB (from Figure 
5*3) at a distance r of 1*22 m for a span b of 0.4572 m, %#hich gave SPL 
* 10 log^Q (jb/r^) equal to 95.9 dB. 

A second data point ( ) in Figure 5.6 results from the 
normalisation of the measured level of the mean-square sound pressure 
on a calculated value of the boundary layer thickness 6 ■ 1#27 cm. 

With respect to this calculated value of 6, it should be noted that the 
data compiled by Fink used a fl?it-plate boundary layer calculation for 
{ based on the l/7th power law for the velocity distribution according 
to the formula (equation 21.8, Schlicting^ 1 ) 

U S 

6 - 0.37 (f)(— )"°*^ (5.9) 

b V 

where the ratio of the wing area S to the span b is the mean goemetric 
chord. Using equation 5.9 the boundary layer thickness is calculated 
to have the value 6 “ 1.27 cm for the upstream velocity ■ 69.5 m/s 
which# proceeding as before# gives the sound pressure level SPL - 10 
log^^ (6b/r^) equal to 99.7 dB in Figure 5.6. (Note that 3 dB has been 
added to the measured data in order to compare with the full-scale data 
where the measuring microphone incorporated a 3 dB ground reflection 
effect. ) 

Thus it can be seen in Figure 5.6 that trailing-edge noise, using 
either the measured or the calculated value of 6# falls well below the 
line corresponding to jet aircraft, in agreement with earlier results. 
This then suggests that two-dimensional trailing-edge noise is not a 
dominant factor in present noise reduction efforts related to these 
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l«rg«*bodied Aircraft* HowAvar, two^diiMnsonal trailinT^adgA 
nolAA scaIaa naar the Maaurad sailplane data of Figure 5*6 which would 
be expected for such high aspect ratio (high span to chord length 
ratio) aerodynamically clean aircraft* Thus a lower bcund has been 
established# set by two-dimensional flow conditions# which does 
establish an ultimate limit to noise reduction efforts related to 
jumbo-*jet aircraft* 


5*4 Directivity 

A determination of the character of the directivity pattern of the 
measured trailing-edge noise is important for comparison with and 
confirmation of theory, but it is also of great practical importance in 
determining the actual annoyance effects of the radiated sound upon 
airport environments* 

The theoretical relationship for the mean-square sound presssure 
variation with **flyover** angular position 0^ (see Figure 5 7) of the 
observer as described before is generally taken to be the 
sin^(6/2) law of Pfowcs Williams and Kall*^ However, 

Goldstein# ^2 in an alternative derivation which incorporated the 
effects of a sheared mean flow# predicted the variation in mean-square 
sound pressure <p2> with angular observer position 6 (see 

Figure 5*7) as 

. coifiaai 

[1-M„(C08 CO* 0)]^ 

V o 


(5.10) 
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wh*r« My ia th« Mach nuMbar baaad on tha convacton valoclty V and 
M^ ia tha Mach nuMbar baaad on upatraaai valoclty U^« than at tha 
upatraaa valoclty of 69 «S a/a aquation S»10 glvaa tha angular 

dapandanca aa 

<p2> ^ (S.ll) 

[(1-0.111 coa ex 1-0.202 coa e)l 

again 8 • Howavarp it should ba notad that at lo«f Mach 

nvsmbars tha rasuit Sail tands to a co8^(e/2) dapandanca upon tha angla 
8 which is Idantically aguivalant to tha Pfo%#cs Williams and Hall 
sin2(8/2) dapandanca upon tha angla 8# sinca 8 ■ w6» Thus tha 
two formulations raduca to tha saaa sin2(8/2) law at sufficiantly 
low Mach nusdHirs* 

For comparison with thasa thaoratical pradictionsp tha diractivity 
lattam of tha maan^squara sound prassura was datarminad for tha casa 
of tha upstraam valocity • 69«S a/s by again using tha cross* 
spactra tachniqua dascribad aarliar. Tha adga*noisa lavals ara 
nonaalisad on tha laval at 8 • 0 “ ^0* and ara plottad as a 
function of angular position 8 (aqual to t-8) in Figura 5.8 for tha 
sharp trailing-adga. Xlso plottad ara tha angular variations in noisa 
lavals pradictad by both tha Ffowcs Williams and Hall and tha Goldstain 
formulations, hn inspaction of Figura 5.8 ravaals that tha maasurad 
data falls closa to tha pradictad rasults of both formulations ••"both* 
f omul %t ions sinca for this low Mach nunbar (0.2) casa tha t%#o thaorias 
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never differ by more than approximately 1 dB for the range of angles of 
the experiment. 

Therefore the mean-square sound pressure of the trailing-edge noise 
can be said to follow a sin^ (?/2) directivity law for the low Mach 
numbers of the experiment and thus equation 2.1 is again seen to 
provide an accurate description of the trailing-edge noise sound 
field. 
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6. THE SURFACE PRESSURE FIELD 


6*1 Spectron of the Surface Pressure Field 

Since the source of the trailing^edge noise arises from the changes 
in time of the unsteady surface pressure field as the turbulent 
boundary layer flow approaches the trailing-edge, a detailed study of 
the surface pressure field in the vicinity of the trailing^edge is in 
order. 

As mentioned earlier the surface pressure was measured with 
specially designed Kulite pressure transducers. Due to the finite 
diameter of the pressure sensitive area of the transducer there is a 
limit to the high-frequency response. It is now well kno%m that for 
large values of the transducer diameter d the ratio of d to the 
displacement thickness 6* is important. In this case the surface 
pressure spectra may be plotted on the Stouhal number o)6*/Uj, where w 
is the angular frequency and U^ is the local mean velocity at the edge 
of the boundary layer. But it is also known for relatively small 
transducer diameters, namely d<< boundary layer thickness 6, that the 
upper limit on resolution occurs for turbulent pressure fluctuations 
arising from the wall similarity region of the boundary layer close to 
the wall. The properties of this region scale on the parameter v/U* 
where U* is the friction velocity rnd v is the kinematic viscosity. 

Thus the ratio of d to v/U* is a measure of the high frequency 
resolution of the transducer. A curve corresponding to a zero value cf 
the parameter d(U*/v) has been given by Bull^ for this high frequency 
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p«rt of the surface pressure spertrum in terms of a wall frequency 
Strouhal nmber (o)/U*) * (u)v)/U*^* l^e value of the parameter 

d(UVv) for the Kulite transducer with d ■ 0«02S4 cm can be obtained 
from Table 4*1 for 11* and ranged over values of 12 to 32 for the mean 
velocity range of the tests* From Bull's results^ (taken for zero 
pressure gradient), at the worst case of d(U*/v) * 32 for the upper 
frequency limit of 20 kHz corresponding to (a>v)/U*^ ■ 0*55 the 
transducer would read some 2 dB too low. However it should be noted 
that the dominant energy of the pressure field and acoustic field is in 
the 1-4 kHz range, see Figures 6.1 and 5.1, where the error from Bull's 
curve corresponding to frequency (u)v)AJ*^ “ 0.055 (f * 7 kHz, say) 
would be negligible. 

It should be noted that the absolute value of the measured pressure 
levels are higher than the zero pressure gradient case (see Figure 6.2) 
possibly due to the influence of the adverse pressure gradient. 

However the trend of the curves tor this experiment follows that of the 
zero pressure gradient results so that it would seem that the Kulite 
transducer was indeed capable of detecting high-frequency pressure 
fluctuation/! with excellent resolution. 

Thus measurements of the fluctuating surface pressure at the 
trail ing-edge of the airfoil were obtained for both the "blunt" and 
"sharp" trailing-edge geometries (see Figure 6.1 for a typical spectrum 
taken for the "blunt" case). It should be recalled that the 
trailing-edge noise theories predict that the far-field sound results 
from these pressure fluctuations near the edge of the airfoil i 
Therefore a more thorough characterization of the surface pressure 
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field, including phase properties of the field and changes that occur 
in the field as it approaches the trailing*edge# should result in a 
better understanding of the mechanism of trailing-edge noise production 
especially with respect to the **scattering" mechanism mentioned 
earlier* 


6*2 Phase of the Surface Pressures at the Trailing-edge 

From simultaneous measurements of the fluctuating pressure by the 
Kulite transducers in the proximity of the traili ng-edge the phase 
angle between pressure transducers on opposite sides of the airfoil was 
found to exhibit three phase regons: in-phase, 180* out-of-pha^e, and 
non-corr elated (for example, see Figure 6*3 for the blunt case)* When 
the parameter f^ , where f is a boundary frequency between any two of 
the frequency regions and ^ is the distance of the surface pressure 
measurement position from the trailing-edge, is plotted against 
Figure 6*4 results* This plot indicates that the value of at the 
boundary between in-phase and out-of-phase regions remains close to a 
finite value, namely 7 Hz-m for all ^ near the edge* Therefore as the 
trailing-edge is approached, that is ^ ♦ 0, then the presence of this 
dividing boundary is such that f • which implies that the surface 
pressures on opposite sides of the airfoil are in-phase at the 
trailing-edge all frequencies of interest, in concurrence 

with earlier results of section 5.2 (see Figure 5.5). Thus the 
pressure loading Ap is such that ^p 0 as the trailing ed<je is 
approached. 
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‘jure 6.4 The frequency parameter where f is a boundary 

t • tuency between any of the three frequency regions of 
]ii-phaso, 180® out-of-phase, and non-correlated, is 
plotted against »1istances from the trailing-edge for 
various tra iling-edge geometries. The in-phase f^ 
buunviary remains constant as a function of which 
indicates that f^oDas^-^O. 
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6*3 The Scattered Pressure Field 


The fact that the phase ^ plots in Figure 6*S for the sharp 

xy 

trailing edge are approximately linear with frequency implies a pure 

time shift, so that the slope 77 ^ is a measure of the convection speed 

at 

of the pressure disturbances* This convection speed information was 
used to detect the scattered field mentioned earlier as follows* 


The line has a lower slope than and 


’'UA 


(the latter slopes being almost equ';l> with a slope approximately equal 

to the local field convection speed V. The rmich higher slopes of 

6-,. And A . and the fact s can be 
^CA ^CA ^DA 

associated with a very fast convection between points and C and 
between points A and D, namely at sonic speed* 

Thus a disturbance passing the upstream point A on the upper side, 
say, sweeps downstream to B at V of order U , but there is also a 
component of the field at A, the sound field created by the 
disturbance, which travels at sonic speed. This sound field travels 
around the trai ling-edge and upstream on the lower side passing by C 
and D* Thus components of the **scattered** field of the trailing-edge 
noise have been detected for the sharp trailing-edge case in agreement 
with the predictions of theory. (Also the deca/ing nature of this 
field is demonstrated by the falling values of Figure 

6.5.) 


In the case of the blunt trailing-edge, however, this "scatter" 
phenomenon may be masked by an additive local pressure field resulting 
from the structured Strouhal vortex sheddinc mentioned earlier* 


(t>XY degrees 




KEY TO PRESSURE 
SENSOR LOCATIONS 
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Ki‘jure 6.5 Variation i^f phase ^ and cross-spectrum level 
|g I for various comiiinations of trailing-edge 
uuf^ace transducers x and y used to determine edd> 
convection speed. 
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Bvld«nctt that this additional prassurs field is indeed due to a 
Strouhal type phenomenon is provided by figure 6»6« Here the signals 
from four pressure transducers# t%#o Kulite surface pressure transducers 
at the trailing-^edge of the airfoil and t%#o microphones on opposite 
sides of the airfoil at the 90* position (see diagram in Figure 6*6)# 
have been used to obtain the cross-sepctrum between a surface pressure 
difference signal resulting from the simultan ':^ua subtraction of the 
two Kulite surface pressure sigi;als and a farfield sound difference 
signal resulting from the simultaneous subtraction of the two 
microphone sound pressure signals* 'nius this simultaneous subtraction 
of both surface pressures and sound pressures produced an enhancing 
additive effect# which suggests that the surface pressures and sound 
pressures were 180* out-of-phase on opposite sides of the airfoil, as 
is typical of structured Strouhal vortex shedding* 

It seems# therefore# that the sound field of the blunt trailing- 
edge results froa both the structured Strouhal vortex shedding and the 
trailing-edge noise "scatter** mechanism measured for the sharp 
trailing-edge* This is in agreement with the results of Section 5*1 


(Figure 5.2) 



difference signal (resulting frost the sinultane 
subtraction of t%K> opposing Kulite surface pres 
signals) and a farfield sound difference signal 
(resulting fro« the sinultaneous subtraction of 
opposing Microphone sound pressure signals) • 
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7« HAXS CmVSCTZON SPEED AND COMPARISON WITH THEORY 

tiincm ths Horn t¥o-«ddy mod«I for appIicRtion of th« Eutta 
condition pradicta a valua of cnaan-aquara sound prassura raducad with 
raspact to tha no-Kutta aquation 2.1 by a factor of (l*vr/V)2, it was 
iflq>ortant to maasura ^ha convaction valocity V on tha surfaca of tha 
airfoil and W in tha waka* 

As dascribad aarliar (sactlon 6.3), convaction spaad maasuramants 
of tha local prassura fiald on tha airfoil wara obtainad from tha phasa 
data Naar tha adqa of tha airfoil tha convaction valocity V 

datarminad in this mannar was found to ba approx ima t a ly 0.5S timas tha 
upstraam valocity U^« 

For similar datarminations of tha waka convaction valocity a 
hotwlra proba as dascribad aarliar with DC signal proportional to tha 
»aan valocity in tha waka was amployad. Thus phasa naasuramants 
bat%^an a trail ing-adga Kulita surfaca prassura transducar and tha 
hotwira «rara obtainad. A plot of tha waka convaction valocity 
datarminad from thasa phasa plots is saan in Pigura 7.1 as a function 
of distanca in tha waka past tha trailing*adga. With thasa valuas of 
waka convaction valocity W and surfaca convaction valocity V at hand« 
soma cosseiants corcarning tha (1-wA)^ factor may now ba aada. 

With raspact to this <1-W/V)2 factor# mantion has alraady bean nada 
of tha much aora complicatad structura of a two-sidad boundary layer 
flow in the vicinity of tha trailincpadga as comp«.red with the siaq>le 
ona^sxdad single or double addy modal c/ Howe and other %#orkers. 


WAKE CONVECTION VELOCi'f’Y, W/U 




00 ' 


00 


20 40 6T) 

DISTANCE FROM TE, x 


80 


u 




fujurp 7.1 A plot of Mke oonvoction velocity W normalized on 

upstream velocity U as a function of distance k from 
the trailinq-edge as determined from a trailing-edge 
Kulite surface pressure transducer and a hotwire probe 
[K>sitioae<i in the wakce 
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It g howttv«r, th« How theory with the Kutta condition is used here with 
substitution of the appropriate values of the eddy convection speed V 
for the airfoil and W in the wake^ we see from Figure 7*1 for W and 
from the value of V • 0.55 at the tailing-edge that there is a 
smooth transition from the convection velocity upstream to the 
convection velocity in the wake so that the factor (l-w/V)2 is zero. 
That is, as has already been illustrated, the trailing-edge noise would 
be zero. 

Of course, it could be anticipa.^ied that since the trailing-edge 
noise spectrum is due to a distribution cf many eddy sizes in a finite 
sheared region, perhaps the effect of the reduction due to the Kutta 
condition is much more complicated than with the How two-eddy model. 
This might account for why the measured trail ing~edge noise is finite 
but very much less than the no-Kutta condition theory would predict, 
see earlier Section 5.2. 
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8, DISCUSSION OF THS "CAUSiam” APPROACH TO SOURCE XDCNTIFXCATXON 


Th« compile nAtaro of th« •quitlona for pr«dtction of 
AArodynAmic noiam by ahaar flowa auch aa turbulent boundary layar flo«# 
ovar A aurfaca haa lad aiany workara to axamina im>ra aimpliatic viawa of 
tha way in which tha aound fiald ia **cauaad** by aourca diatributiona* 
Ona auch viawpoint known aa tha **cauaality” poatulatu haa baan propoaad 
by Siddon^^ in which ba ralataa tha aound to tha aurfaca dipola aourca 
atrangth in tarma of tha aurfaca praaaura fiald through man ipulat Iona 
of tha aquation 


p(x#t) 



4nx 


2 

c 


/ 

S 



t,y 


as 


( 8 . 1 ) 


whara p tha aound prasaura nt tha obaarvar poaition x at tima t, c 
ia tha apaad of aound^ f^ ia tha local raaultant atraaa at each point 
y on tha aurfaca S and t ■ t - |x-y|/c is tha retarded tlma. 

It ia wall -known# for instance saa Lighthlll*s otli|lnal 
woik,^'^ that formulation of tha sound fiald in tarma of tha local 
pxaaaura fluctuationa (rathar than density) la a vary compllcatad 
procadura in that idanti float ion of tha aound in tha praaanca of very 
strong local **incompraaaibla-typa** praasura fluctuations may ba 
analytically and ax^>ar Imantal ly difficult. This case ia no axcaption 
a Inca a condition for aquation 8.1 is that quadru^x3l« aourca terms ba 


waak or nagliglbla 
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But, huru for th« trailin^^^d^ nolM it it the quedrupole which la 
being nodified by the effect of the edge* Thua the **cauaellty" method 
ia inapplicable and the full aophiatication of tho Howe, et al* 
theoriea ouat be uaed in interpreting the meaaured data* 
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9. CONCLUSIONS 


From this study of the noise radiated by the turbulent flow over a 
model NACA 0012 airfoil, the following conclusions on the description 
of the sound pressure field, properties of the local pressure field and 
the influence of the KUtta condition in theoretical predictions can be 
made* 

1* The mean*square sound pressure level of the trailing^edge noise 

depends on the upstream velocity U^ to the 5*07 power, that is 
5*07 

for the sharp trail ing-edge* Incorporating Reynolds 

4* 97 

number effects produces a V * power law for the mean*-square 

sound pressure scaled on convection velocity V, which closely follows 

5*0 

the theoretical prediction of a V power law* 

2* When scaled to large-bodied jimibo-jet aircraft in the "clean" 
configuration (flaps and landing gear retracted), two-dimensional 
trailing-edge noise is some 15-20 dB below measured sound levels for 
these aircraft* This suggests that two-dimensional trailing-edge noise 
is not a dominant factor in present noise reduction efforts related to 
these large-bodied aircraft* However, the measured two-dimensional 
trailing-edge noise did scale near full-scale sailplane data. This 
would be expected for such high aspect ratio (high span to chord length 
ratio) aerodynamical ly clean aircraft* Thus a lo%rer bound has been 
established, set by two-dimensional flow conditions, which does 
establish an ultimate limit to noise reduction efforts related to 


jumbo-jet aircraft 
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3* Ttim directivity pAttern of the treiling-edge noises as meaeured 
for the sharp traillng-edge# follaws the predicted sin2($/2) law 
for the variation of the moan-square sound pressure with observer 
angular position 

4t The naan-square sound pressure levels predicted by no-Kutta 
theories are higher than the measured levels for the experiment* this 
finding suggests that it is necessary to apply the Kutta condition in 
potential flow modeling of the tralling-edge noise problem* In 
addition# this finding is in qualitative agreement with the Howe 
formulation of the Kutta condition reduction factor of (1-W/VJ2, when 
the value of convection velocity V on the surface of the airfoil and W 
in the wake for the experiment are supplied* 

5* Surface pressures on opposite sides of the sharp tralling-edge 
airfoil are in phase over the entire measured spectrum at the 
trailing-edge and appear to tend to one value (one function of time) as 
the edge is approached* However# to interpret this as an indication of 
satisfaction cf the Kutta condition is misleading since zero pressure 
differential is an altogether necessary requirement for the flow at the 
sharp trailing-edge in the absence cf a finite wake* Thus the Kutt.a 
condition cannot be viewed as a ** requirement** to be met by real flows# 
but rather as a strictly mathematical tool for removing singularities 
in potential flow problems* 

6. A scattered field has been detected on the surface of the 
airfoil in the vicinity of the trailing-edge in agreement with current 
theories* 


liTi'ViTilTTri 
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7. The Siddon **cauMlity*' postulata for aarodynamic aourca 
idantiflcation in its stated form which raquiraa that quadrupola source 
tarns be weak or negligible sny not be applied to the trailing-edge 
noise problem where the influence of quadrupola source terms 
(undergoing modification by the edge) are important* 
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11. APPENDICES 

11.1 Results of Boundary Layer Rake Measureoenta 

Tabulation and plote of the boundary layer paranetere local 
convection velocity at the edge of tho boundary layer ^ akin friction 
coefficient friction velocity U*, wall atreaa diaplacemant 
thickneaa 6*# momentum thickneaa 6, and fomi factor H determined from 
the boundary layer rake measurements aa (teacribed in section 4.1 are 
givnn as a function of upstream velocity for 0*^ 5*, and 10* 


angle 8*”of*attack 
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TabI* 11*1 Boundary layar paraaatara for tha NACA 0012 airfoil at 0* 
angla^of-attack froa boundary layar raka iaaasuraaMnts« 
Baka at 0.238 cm froM trailin9-ad9a and 2.54 oa fron 
airfoil cantarlina. 


m/s 

m/s 

®f 

U* 

m/s 

2 

H/wT 

«• 

cm 

6 

cm 

H 

22 a 86 

21.06 

0.00225 

0.7064 

0.5964 

0.4274 

0.2748 

1.566 

38.10 

35.45 

0.00215 

1.1623 

1.6146 

0.4003 

0.2641 

1.516 

4 S .72 

42.79 

0.00200 

1.3533 

2.1890 

0.4063 

0.2702 

1.503 

53.34 

50.14 

0.00200 

1.5855 

3.0051 

0.4089 

0.2730 

1.498 

60.96 

57.45 

0.00200 

1.8169 

3.9457 

0.4005 

0.2678 

1.496 



Pigur« 11.1 Local conwctlon velocity at th« mdgm of tha boundary 
layer, U. , Tarsus upstreasi velocity# U^# fro« rake 
MasursMnts at 0.238 on frcsi tratllng-adge and 2.S4 ( 
froo airfoil canterline with airfoil at 0* anqla-of- 
attack. 
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Figure 11.5 Displacement thickness, 6 *, versus upstream velocity, 

U , from rake measurements at 0.238 cm from trailing- 
edge and 2.54 cm from airfoil centerline with airfoil at 
0 • auigle-of-attack # 
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Figure 11.7 Form factor/ H, versus upstream velocity, U , from rake 
measurements at 0.238 cm from trailing-edge"and 2.54 cm 
from airfoil centerline with airfoil at 0* angle-of- 
attack. 
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Table 11.2 Boundary layer parameters for the NACA 0012 airfoil at 5* 
angle*of*attack from boundary layer rake measurements* 
Rake at 0«238 oft frcn trailing-edge and 2.54 an from 
airfoil centerline. 


u- 

m/s 

m/s 


U* 

m/s 

Tw 

N/m^ 

6* 

cm 

6 

cm 

H 

38.10 

35.69 

0.00205 

1.1427 

1.5677 

0.4362 

0.2879 

1.515 

45.72 

43.22 

0.00220 

1.366U 

2.2426 

0.4432 

0.2941 

1.507 

53.34 

50.26 

0.00195 

1.5694 

2.9’68 

0.4301 

0.2862 

1.503 

60.96 

57.42 

0.00195 

1.7931 

3.8596 

C.4314 

0.2886 

1.495 
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Figure 11.9 Skin friction coefficient, c^, versus upstrean 

velocity, U^, from rake neasureoMnts at 0*238 cm from 
trailing-edge and 2.54 cm from airfoil centerline with 
airfoil at 5* emgle-of-attack. 
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Figure 11.10 Friction velocity, U*, versus upstreaa velocity, O , 

from rake measurements at 0.238 cm from trailing-edge and 
2.54 cm from airfoil centerline with airfoil at 5« angle- 
of-attack. 



Figure 11,11 Wall stress, versus upstream velocity, U , from 

rake neasureswnts at 0.238 cm from trailing-edge and 2.54 
cm from airfoil centerline with airfoil at 5* angle-of- 
attack . 



Figure 11*12 Displacenent thicKnessi 6*, versus upstream velocity« 
from rake aeasureaents at 0.238 cm from traillng- 
edge and 2.54 cm from airfoil centerline with airfoil at 
5' angle-of-attack. 
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T«bl« 11*3 Boundary layer paranwtars for tha NACA 0012 airfoil at 10* 
angla-of^attaek froa boundary layer rake aeaaureaMnta* 
lUke at 0*238 m froa trailln 9 ~ed 9 e and 2«S4 oa froa 
airfoil centerline* 


0- 

a/a 

Vi 

B/S 

®f 

U* 

m/« 

H/«2 

6* 

cm 

0 

ca 

II 

38*10 

35*69 

0.00210 

1*1566 

1*6060 

0.4848 

0.3240 

1*497 

45*72 

43*13 

0.00200 

1*3639 

2*2330 

0.4686 

0*3157 

1*484 

53*34 

50*54 

0.00195 

1*5780 

2*9893 

0.4662 

0.3134 

1*487 

60*96 

57*85 

0.00190 

1*7831 

3*8170 

0.4643 

0.3137 

1*480 
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Figure 11»16 Skin friction coefficient, c^, versus upstream 

velocity, U^, from rake measurements at 0*238 cm from 
trailing-edge and 2.54 cm from airfoil centerline with 
airfoil at 10* angle-of-attack. 
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Figure 11.17 Friction velocity, U*, versus upstream velocity, U^, 

from rake measurements at 0.238 cm from trail ing-*edge and 
2.54 cm from airfoil centerline with airfoil at 10* 
angle^of ^attack • 
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Figure 11.21 Form factor, H, versus upstream velocity, U^, from rake 
measurements at 0.238 cm from trailing-edge and 2.54 cm 
from airfoil centerline with airfoil at 10» angle-of- 
attack* 
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11*2 Results of Boundary Layau Praaton TuM Maaauramaata 

Tabulation and plota of the boundary layar paranatora wall atraaa 
friction valocity U*# and akin friction crafficiant c^ 
datarminad from tha boundary layar Praaton tuba maaauramanta aa 
daacribad in aaction 4*2 ara givan aa a functiun of upatraam valocity 
for tha Praaton tuba chordwiaa positiona of 0«238 cm# 2*54 ere# and 
22*86 cm from tha trailing^adga* 
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Tftbl* 11*4 Boundary layar paramatara for tha MACA 0012 airfoil at 0* 
angla-of-attack obtainad from Praaton tuba aaaauramanta 
at 0.238 CB froai tha trailing*adga on tha airfoil 
cantarlina. 


'V 

2 

N/ra^ 

U* 

n/a 


22a86 

0.7371 

0.7803 

0.0027 

38al0 

1.8667 

1.2418 

0.0024 

53.34 

3.5277 

1.7069 

0.0023 

68.58 

5.5380 

2.1388 

0.0022 
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Figure 11.22 Wall stress. tk» versus upstreaa velocity. O^. froai 

Preston tube aeasureaents at 0.238 cm froai trailing-edge 
on airfoil centerline with airfoil at 0* angle-*of**attack 
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Figure 11.24 SKin friction coefficient, c^, versus upstreaa 

velocity, O^, fro* Preston tube aeasureaents at 0.230 
cm fro« tralling-edge on airfoil centerline with airfoil 
at 0* angl«-of -attacks 
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Tabic 11<5 Boundary layer paraMtara for tha NACA 0012 alrfeli at 0* 
angle *of -attack obtained from Braaton tuba maaauraaanta 
at 2.54 CHI froa tha trailing-adga on tha airfoil 
eantarlina* 



2 

U* 

M/a 

«f 

22.86 

0.9238 

0.8736 

0.0031 

38.10 

2.3788 

1.4018 

0.0029 

53.34 

4.5231 

1.9327 

0.0027 

68.58 

7.2513 

2.4472 

0.0026 




Friction v«Ioclty« U*« versus upstressi velocity* U^« 
froa Preston tube Bessureaents at 2.54 as frosi trailing 
edge on airfoil centerline with airfoil at 0* angle-of- 
attack. 




Figure 11*27 Skin f 
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T*bl« XI >6 Boundary layor paramatara for tha NACA 0012 airfoil at 0* 
angla-of**attack obtainad from Praston tuba maasuramanta 
at 22*86 cm from tha tralllng-adga on tha airfoil 


cantttrline* 

m/s 

W 5 

U/vT 

u* 

m/a 

°f 

22a86 

1.4694 

x.xoxs 

0.0039 

38.10 

3.67X1 

1.74X3 

0.0035 

53.34 

6.8493 

2.3784 

0.0033 

68.58 

X0.726 

2.9764 

0.0031 






0 > 

u 

S' 



124 



CSAi) «n KUOOlBh NOIiOrai 


Figure 11.29 Friction velocity. U*. vereua upstream velocity, O^, 

from Preston tube measurements at 22.86 cm from trailing- 
edge on airfoil centerline with airfoil at 0» angle-of- 



Figure 11*30 Ski: 
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11.3 Soand PoMr Law for a 0,9S25 on Diana tar Rod 

A 0«952S cm diamatar rod was immarsad in the potential core 

(laminar region) of the rectangular jet in place of the airfoil* The 

6*0 

resulting power law determination gave a relationship 

between the mean-square sound pressure and the upstreeun velocity 
as shown* This result closely follows the 6*0 pomr law prediction of 
the Curle^ theory for such limited-extent bodies as the rod* This 
close agreement between experiment and theory provides a calibration 
chec)c on the accuracy of similar procedures for the airfoil case* 
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Figure 11.31 Variation in the overall sound pressure level (SPL) with 
upstream velocity# O , for a 0.9525 cm diameter rod. 




